Using RNA-based techniques and hot spring samples collected from Yunnan Province, China, we show that the amoA gene of aerobic ammonia-oxidizing archaea can be transcribed at temperatures higher than 74°C and up to 94°C, suggesting that archaeal nitrification can potentially occur at near boiling temperatures.
Aerobic ammonia-oxidizing archaea (AOA) are one major group of microorganisms mediating the autotrophic ammonia oxidation (2) which is central to the global nitrogen cycle (9) . AOA possess an ammonia monooxygenase (AMO) which is the enzyme responsible for catalyzing aerobic ammonia oxidation, and its ␣ subunit is encoded by the amoA gene (15) . Multiple amoA gene-based molecular studies have demonstrated that AOA can be adapted to a large gradient of environmental variables with respect to temperature (0.2 to 97°C) and pH (2.5 to 9.0) (see the review by Erguder et al. [2] and the references therein). However, so far, only moderately thermophilic "Candidatus Nitrososphaera gargensis" and thermophilic "Candidatus Nitrosocaldus yellowstonii" have been obtained in culture and show the capability of oxidizing ammonia at high temperatures; they can produce nitrite at 46°C and 60 to 74°C at pHs 7 to 8, respectively (1, 4) . In addition, Reigstad et al. (12) demonstrated biological ex situ nitrification at 85°C and pH 3.0, using terrestrial hot-spring samples. This indicated that the AMO enzyme is active at temperatures of up to 85°C. In the meantime, with the use of DNA-based molecular techniques, Reigstad et al. (12) and Zhang et al. (16) retrieved AOA amoA gene clone sequences from global terrestrial hot springs with a large gradient of pHs (2.5 to 9.0) and temperatures (38 to 97°C). However, the AOA amoA gene has never been transcribed from environments with temperatures higher than 74°C. In the present study, we performed RNA-based studies investigating the abundance and diversity in hot springs (temperature, 44.5 to 94.0°C; pH, 2.4 to 9.0) of Yunnan Province in southwestern China.
A total of 11 hot-spring samples were selected for field measurements and sample collection (Table 1) . Hach kit-based field measurements showed that temperatures of the sampled hot springs ranged from 44.5°C to 94.0°C and pH from 2.4 to 9.0 (Table 1) . Mats or mat-containing sinter/sediment samples were collected and subjected to RNA extraction with the use of a FastRNA Pro soil-direct kit (Qbiogene, Inc., CA) according to the manufacturer's protocols. The resulting crude RNA was digested with RNase-free DNase I (Takara, Japan). The DNase-digested RNA samples were verified to be free of genomic DNA contamination by PCR amplification with primer sets specific for total archaea, bacteria, and AOA according to conditions described elsewhere (see Table S1 in the supplemental material and cited references for details). The DNA-free RNA samples were reverse transcribed into cDNA by using the Promega AMV reverse transcription system (Promega Corporation, Madison, WI) as previously described (7) . The archaeal amoA gene and total bacterial and archaeal 16S rRNA genes in the synthesized cDNA were quantified by qPCR (see Table S1 in the supplemental material) according our previous studies (6, 7) . Bacterial and archaeal 16S rRNA gene abundances were on the magnitude of 10 8 to 10 10 copies per gram of solids, and the AOA amoA gene abundance ranged from 4.5 ϫ 10 4 to 3.52 ϫ 10 6 copies per gram of solids in the investigated hot springs ( Table 2 ). The abundance of the transcribed AOA amoA gene in high-temperature hot springs is comparable to those in low-temperature biotopes (7, 8, 11) .
The cDNA samples were PCR amplified using AOA-specific primer sets (see Table S1 in the supplemental material) as described previously (7). The resulting PCR products were used for constructing the amoA gene clone libraries according to established procedures (7) . A total of 337 AOA amoA gene clones were randomly selected for sequencing, and the obtained sequences (Table 1) were subjected to operational taxonomic unit (OTU) analysis by using DOTUR 1.53 (13) , with cutoffs of 2% and 5% (3). The diversity indices of Shannon (HЈ) and Chao1 were also calculated using DOTUR. One sequence from each OTU was then selected as a representative for phylogenetic analysis. The number of clones in each sample represented 54 to 100% coverage (at 2% cutoff) for the clone libraries ( Table 2 ). The representative sequences at 2% cutoff, reference sequences from a report by Zhang et al. (16) , and amoA gene sequences of "Candidatus Nitrosopumilus maritimus," "Candidatus Nitrososphaera gargensis," and "Candidatus Nitrosocaldus yellowstonii" were combined for phylogenetic analysis using the MEGA 4.1 (14) . The amoA phylogenetic nomenclature in the report by Zhang et al. (16) was employed in this study (Fig. 1) . The phylogenetic analysis showed that only two amoA gene clones retrieved in this study were affiliated with the cluster A named by Zhang et al. (16) . In contrast, 99% of clones retrieved in this study were classified into the cluster B and distributed into three groups: B.1, B.2, and B.5 (Fig. 1) . The retrieved sequences in the B.1 and B.2 groups were related (90 to 99%) to those from Tengchong hot springs that were determined by Zhang et al. (16) (Fig. 1) . The B.2 clones were related (identity 90 to 99%) to moderately thermophilic "Candidatus Nitrososphaera gargensis" (4) . In addition, all clone sequences in the cluster B were distantly (Ͻ80% identity) related to thermophilic "Candidatus Nitrosocaldus yellowstonii" (1) (Fig. 1) .
Previous studies indicated that environmental factors (e.g., ammonium concentration, organic carbon, temperature, salinity, dissolved oxygen [DO], pH, sulfide, and phosphate levels) may affect AOA distributions (2, 10) . In order to evaluate the correlation of the measured geochemical variables with amoA gene abundance and diversity in this study, the simple Mantel tests were performed using the zt software (http://www.psb .ugent.be/ϳerbon/mantel/) according to established procedures (5). Significant positive correlation (r Ͼ 0.5; P Ͻ 0.05) was present between the AOA amoA gene abundance (either absolute or relative) and a number of environmental variables but absent (r Ͻ 0.5) between the AOA amoA gene abundance and the measured environmental variables (see Table S2 in the supplemental material). Without further investigation, however, it is uncertain whether the observed positive correlations are real or just coincidental.
In summary, our data show that the AOA amoA gene can be transcribed in hot-spring samples with temperatures higher than 74°C and up to 94°C. However, ex situ experiments are required to verify the potential activity of AOA at such high temperatures and to find the reasons for the observed correlations between the AOA amoA gene and measured environmental variables. This will be a major focus of our future research.
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